hypertension was present in 7/30 (23%) WTs and 1/17 (6%) patients with URA. Conclusions: WTs have similar eGFR to individuals with URA and are more likely to have arterial hypertension. The patients with URA have signs of tubular damage. This study demonstrates the need for nephrological monitoring of individuals with a single kidney.
Introduction
Unilateral functioning solitary kidney involves the absence of one kidney due to unilateral renal agenesis (URA), unilateral atrophic kidney or unilateral nephrectomy [1] . Both nephrectomy and congenital solitary kidney create a situation in which a single kidney has to take on an additional burden. In nephrectomy, the adaptation is linked with hypertrophy of renal glomeruli and hyperfiltration. In this case, increased glomerular filtration in the remaining nephrons frequently compensates for the sudden loss of functioning renal tissue. Hyperfiltration can be the reason for the progressive sclerosis of glomerular vessels and, consequently, decreased efficiency of nephron function [2] [3] [4] [5] . According to Daw et al. [6] , the largest decrease in the estimated glomerular filtration rate (eGFR) in patients with Wilms tumour (32%) appears directly after nephrectomy; however, both chemoand radiotherapy influence the filtration function of the kidney. The hypertrophy of a solitary kidney is a wellknown phenomenon associated with post-natal nephrectomies and prenatal loss of the contralateral kidney. Wilms tumour survivors (WTs) demonstrate hypertrophy; however, hypertrophy in these cases results from the enlarged size of nephrons, not their increased number [3] .
According to the Brenner theory, the reduced filtration surface area of the kidney resulting from an inherited or acquired deficit of glomeruli impairs the normal adjustment of blood pressure (BP) by pressure natriuresis [3] . Therefore, patients with a solitary kidney reveal an increased risk of proteinuria, arterial hypertension and the progression of chronic kidney disease (CKD) [7] [8] [9] [10] .
This study aimed to verify the hypothesis that patients who are WTs and who required anticancer treatment have worse renal function than patients with URA.
Patients and Methods

Patients
The tests were performed on 47 children and young adults with solitary kidneys and without defects of the urinary tract: 17 patients had URA, and 30 were uninephrectomised WTs. The basic criteria for enrolment included the presence of one kidney without other ureteric and kidney anomalies. The test involved an interview with an emphasis on kidney and urinary tract diseases, a physical examination, BP measurement, and taking blood and urine samples.
Methods
Assessment of GFR GFR was measured indirectly using the original Schwartz and
Filler formulas and the new Schwartz equation for children with CKD.
The Schwartz formula is defined as follows: GFR in ml/ min/1.73 m 2 = k ! height of child in cm/serum creatinine concentration in mg/dl, where the constant k was defined using the published literature values of k = 0.55 for children aged 2-12 years or adolescent females and k = 0.7 for adolescent males [11] .
Additionally, the serum concentration of cystatin C (Cys C) was evaluated, and GFR was presented according to the Filler formula: logGFR = 1.962 + [1.123 ! log(1/Cys C)] [12] .
The new Schwartz equation for children with CKD was defined as follows: eGFR = 39.2 ! (height of child in metres/serum creatinine concentration in mg/dl) 0.516 ! (1.8/Cys C serum concentration) 0.294 ! (30/BUN) 0.169 ! (1.099 male /1 female ) ! (height of child in metres/1.4) 0.188 [13] .
Serum creatinine concentration (mg/dl) was assessed using the colorimetric-modified Jaffe method. Blood ureic nitrogen concentration (mg/dl) was assessed using the enzymatic-modified Talke and Schubert method.
The concentration of Cys C in serum and urine was determined using the nephelometric PENIA method (Dade Behring, Marburg, Germany). The concentration of ␤ 2 -microglobulin (B2M) in serum and urine was determined by the immunoturbidimetric method using the Quantia ␤ 2 -microglobuline kit from Biokit SA (Barcelona, Spain). The concentration of neutrophil gelatinase-associated lipocalin (NGAL) in blood and urine was determined by an immunoenzymatic method with the NGAL ELISA kit from Bioporto Diagnostics (Gentofte, Denmark) according to the manufacturer's instructions. The concentration of albumin in urine was determined immunologically using the Multigent kit from Abbott Laboratories (Wiesbaden, Germany). The activity of N-acetyl-␤ -glucosaminidase (NAG) was measured by a colorimetric method as proposed by Maruhn [14] , with modifications.
The parameters measured in urine are presented as concentrations and as the product of a given concentration and the concentration of creatinine. The following were adapted as cut-off values: 20 mg/dl for the concentration of albumins in a portion of urine, 30 mg/g for the albumin to creatinine ratio [15] , 0.32 mg/dl for the concentration of B2M, 0.04 g/mol for the B2M to creatinine ratio [16] , 0.18 mg/l for the concentration of Cys C, and 11.3 mg/mol for the Cys C to creatinine ratio [17] . The liminal value of NAG activity was taken as 6.0 IU/g of creatinine [14] .
For each of the individuals enrolled in the study, a urine test was evaluated, and urine sediment was analysed. At the time of the evaluation, none of the children had a urinary tract infection, as confirmed by urine samples and an assessment of blood C-reactive protein levels.
Assessment of Blood Pressure BP was measured in every child in the study by an auscultatory method that involved a standard clinical sphygmomanometer and a stethoscope. This method followed the guidelines established by the Fourth Report on the Diagnosis, Evaluation, and Treatment of High Blood Pressure in Children and Adolescents [18] . BP was measured three times in each patient. Mean values of systolic and diastolic pressure were determined. The results were then compared to reference values matched according to gender, age and height.
Statistical Analysis
Statistical analysis was performed using Statistica PL software (Statsoft, Tulsa, Okla., USA). The normality of the obtained data was verified with the W Shapiro and Wilk test. Depending on the distribution, data are presented as the means 8 SD or median value (range). Comparisons were performed using Student's t test for non-dependent data or the Mann-Whitney U test. Correlations were calculated using Pearson's or Spearman's test. Values of p ! 0.05 were considered significant.
Ethics Committee
This study was approved by the Independent Bioethical Committee of Scientific Researchers at the Medical University of Gdansk. Written informed consent was obtained from the legal guardians of the children.
Results
Patient Characteristics
The research involved 30 unilateral WTs and 17 children and young adults with URA. WTs were treated in accordance with the therapeutic protocols SIOP 9, SIOP 9301 and SIOP 2001 between 1987 and 2008, which involved unilateral nephrectomy and chemotherapy or chemo-and radiotherapy with an average age at diagnosis of 3.4 8 2.3 years (range 0.1-8.2). Twenty-three individuals received non-nephrotoxic chemotherapy (vincristine, actinomycin D and doxorubicin). Seven patients were treated with cytostatics, which are proven nephrotoxic agents (e.g. carboplatin and iphosphamide/cyclophosphamide). Three patients received radiotherapy to the entire abdomen area, two of whom also received nephrotoxic chemotherapy.
The tested groups did not differ significantly with regard to sex, age, height, weight or BMI ( table 1 ) . There were no significant differences (p = 0.677) in the followup times of WTs (mean 8 SD 9.1 8 5.3 years, median 10.2, range 0.3-20.5) or the ages of the URA patients (10.2 8 5.8 years, 10.2 and 1.2-18.6).
Glomerular Filtration Rate
The eGFR was assessed using three methods. The results are presented in table 2 . The lowest eGFR value was achieved by estimating the GFR using the new Schwartz formula for children with CKD. The eGFR values did not differ between groups.
Low-Molecular-Weight Proteins in Blood Serum
The average concentration of Cys C in blood serum was 0.76 8 0.13 mg/l in the WTs group and 0.75 8 0.13 mg/l in the URA group. The mean values of remaining low-molecular-weight proteins (LMWP) are presented in table 3 . No differences were observed between the groups.
The relationship among Cys C, B2M and NGAL as well as that between LMWP and eGFR were assessed using the new Schwartz formula for CKD children. The WTs group showed a strong correlation between eGFR, which was assessed using the new Schwartz formula for CKD and B2M (r = -0.57, p ! 0.05) and between B2M and Cys C in serum (r = 0.6, p ! 0.05). The URA group revealed a strong correlation between eGFR (as assessed using the new Schwartz formula) and Cys C (r = -0.55, p ! 0.05) and B2M (r = -0.73, p ! 0.05) as well as between Cys C and B2M (r = 0.57, p ! 0.05). We determined no correlation beween NGAL and eGFR (as assessed in accordance with the new Schwartz formula) nor between NGAL and CysC nor between NGAL and B2M.
Signs of Kidney Damage
The ratios of the median concentration of the albumins, LMWP and NAG excreted in a sample of urine to excreted creatinine are presented in table 4 . No statistically significant differences were determined between the tested groups with regard to the excretion of the albumins, Cys C, NGAL and NAG. It has been proven that the groups differ with regard to B2M excretion, which is higher in the URA patients (median 0.18 mg/g of creatinine, range 0.06-1.53). 
Renal Function of WTs, Potentially Nephrotoxic Chemotherapy and Follow-Up Period
The characteristics of individuals who received potentially nephrotoxic agents and underwent irradiation of a solitary kidney are presented in table 5 . WT patients with B2M to creatinine ratio 1 0.04 g/mol (0.354 mg/g) received nephrotoxic chemotherapy ( table 5 ) . Three of them were irradiated, but in only 1 case on the total abdomen. We analysed the follow-up period of WTs, and the patients were divided into two subgroups. One was com- A CR = Urine albumin to creatinine ratio; BCR = ␤ 2 -microglobulin to creatinine ratio; CCR = Cys C to creatinine ratio. 9% ) and excretion of NAG to creatinine 1 6 IU/ g (38 vs. 32%), but more rarely albumin to creatinine ratio (12.5 vs. 27%), B2M to creatinine ratio (0 vs. 18%) and Cys C to creatinine ratio (0 vs. 9%).
Blood Pressure
The average diastolic/systolic BP in WTs was verified using three independent tests: 4 children (13%) demonstrated an average diastolic/systolic BP 6 95th percentile, 1 child demonstrated 95th percentile diastolic pressure, and 2 children demonstrated 95th percentile systolic pressure. An average diastolic and/or systolic pressure 6 90th percentile was observed in 2 patients. One patient had diastolic pressure 6 90th percentile.
The URA group had systolic pressure 6 95th percentile in 1 child, at the 90-95th percentile in 3 children, and ! 90th percentile in 11 children. BP could not be taken in 2 children for technical reasons (the children were crying uncontrollably). In this group, diastolic pressure was ! 90th percentile in all patients.
Patients with Abnormal Values of Particular Parameters
The numbers of patients who demonstrated abnormal parameters in tests are presented in table 6 .
Discussion
Our results suggest that glomerular filtration in WTs does not differ from that in URA patients, but the followup time of this study for patients may not have be long enough to detect significant differences in many of the parameters measured. Thus, we can conclude that WTs with unilateral nephrectomy have the same renal function when analysed by indirect GFR as URA patients. Remarkably, URA patients exhibited more B2M urine excretion, the sign of proximal tubule damage, than WTs. WTs have more frequent arterial hypertension than URA patients. However, it should be remembered that both WTs and URA patients have only one kidney, which predisposes them to CKD. It is necessary to continue research to monitor the development of CKD in both groups of patients.
Individuals with a solitary kidney are a specific group of patients who are predisposed to CKD [19] ; this group includes WTs. These patients are particularly at risk of CKD progression due to exposure to additional risk factors, such as chemo-and radiotherapy [20] [21] [22] . According to the data collected by two large prospective trials, the 'Italian Registry of Chronic Renal Failure (ItalKid)' and the 'North American Pediatric Renal Trials and Collaborative Studies' (NAPRTCS), Wilms tumour is the cause of 0.3 and 0.5% of cases of CKD among children and young adults under 21 years of age, respectively [23, 24] .
There are different reasons for renal impairment in WTs -tumour invasion, nephrectomy, anticancer treatment and other factors such as hypotension, severe infections and nephrotoxic drugs [20, 21] . Daw et al. [6] maintain that the largest drop in eGFR, 32%, is observed directly after nephrectomy. Chemotherapy consisted of proven nephrotoxic agents, such as carboplatin and iphosphamide and/or cyclophosphamide, which are applied against Wilms tumour with poor prognosis and can cause kidney malfunction [6, 25, 26] . Two cycles of ICE chemotherapy (iphosphamide, carboplatin, and etoposide) reduce GFR by 7%, but a subsequent series of chemotherapy does not reduce GFR [6] . Cytostatics, such as vincristine and actinomycin D, which are widely used in Table 6 . Number of patients with pathological results F igures in parentheses are percentages. CCR = Cys C to creatinine ratio; BCR = B2M to creatinine ratio. the treatment of this cancer, do not cause kidney damage. Additionally, radiotherapy can negatively impact kidneys. de Graff et al.
Group
[27] observed a lower value of the GFR in WTs who underwent radiation of their abdomen compared to patients who did not undergo radiation.
To determine the influence of factors other than nephrectomy on kidney function in WTs, a suitable control group is needed. After consideration of pathophysiological features, this group should include people of the same age who lost a kidney through accident or injury. Those uninephrectomised for an acquired condition would have been an ideal control group; however, there are few such patients. Therefore, we decided to create a control group of children and young adults with URA. The way in which patients with inborn solitary kidney can adapt to the effort required to sustain homeostasis had not been explained. It is now known that there is an eightfold range in normal variation in the number of glomeruli in humans with 2 kidneys, ranging from 200,000 to 1.8 million [19, 28] . However, it is very interesting to know how many nephrons have one congenital solitary kidney. This topic is controversial [29] . Additionally, the question as to whether such patients develop hyperfiltration has not been answered definitively.
In WTs, the overgrowth of a solitary kidney and the related hyperfiltration result from the increased size of nephrons and the related increase in load, but not from the increased number of nephrons. The enlarged size of nephrons is caused by adaptive changes [3] . Children with URA are typically patients with solitary kidneys, and provided that they do not have any other defects or diseases of the urinary system, these patients may have normal and stable parameters of kidney function for many years [8] . However, the long-term outcome of unhealthy URA adult patients remains potentially poor [7, 30, 31] .
Our study sought to verify the hypothesis that WTs with a solitary kidney more frequently present renal function impairment due to their treatment compared to patients with URA. The comparison was based on eGFR, some parameters of tubule damage and an assessment of BP.
The values of eGFR in both groups were comparable. The author's own research on the appearance of CKD in WTs indicates that half of the examined patients displayed symptoms of kidney damage [22] . Based on analysis of the results presented previously, we may conclude that in WTs, Schwartz's new formula for CKD allows a better GFR estimation than the classical Schwartz and Filler formulas [22] .
The comparison of renal functions (inulin clearance, albuminuria and BP assessment) in URA adults and after complete nephrectomy in childhood due to hydronephrosis presented in the paper by Wikstad et al. [32] confirms our own observations that after many years, both groups of patients still do not demonstrate statistically significant differences with regard to the parameters investigated.
Schreuder et al. [33] assessed the influence of the inborn reduction in kidney mass on renal function and BP in 66 patients; he observed that in patients with solitary kidneys, the average eGFR, as determined by the Schwartz equation, was 93 8 20 ml/min/1.73 m 2 , while arterial hypertension and microalbuminuria appeared in 50 and 25% of tested patients, respectively.
Cys C can be a more sensitive marker to aid in the early diagnosis of kidney dysfunction; however, it is not recommended by the NKF as a tool for the assessment of renal function [34] . Our current research found that serum Cys C concentrations 1 0.95 mg/l, which is commonly proposed the cut-off point value for impaired glomerular filtration [35] , appeared in 1/17 (6%) URA patients and 4/30 (13%) WTs.
Albuminuria exceeding 20 mg/dl, was noted in 3/17 (18%) URA patients and 6/30 (20%) WTs. Arguesco et al. [7] tested the health prognosis in 157 adult URA patients with normal contralateral kidneys. They identified proteinuria 1 159 mg/24 h in 19% of 37 examined patients [7] . Wikstad et al. [32] noted albuminuria in 47% of patients with solitary kidneys (assessed together with URA and after nephrectomy) and demonstrated that albuminuria increased with the time of observation. Schreuder et al. [33] indicated that 50% of patients with a congenital reduction of kidney mass exhibited arterial hypertension, displayed microalbuminuria or received anti-hypertension medicines; microalbuminuria was noted in only 23% of children.
The reduction in kidney mass is linked to adaptation mechanisms not only in glomeruli, but also in renal tubules. We did not expect severe tubule damage in WTs and URA patients, and therefore we did not measure serum urine electrolytes and urine osmolality.
Damage to proximal tubules, as manifested by the increased activity of NAG in URA patients or patients who had nephrectomy in childhood, was reported by Tekin et al. [36] . Increased NAG activity was observed in 3/17 (6%) URA patients and 9/30 (30%) unilateral nephrectomy patients; however, the activity of this enzyme was comparable in both groups. In our study, URA patients revealed significantly higher excretion of B2M than patients after nephrectomy, which permits one to conclude that this group of patients revealed much more severe damage to the proximal tubule.
Numerous papers published in recent years pertain to the assessment of arterial pressure in patients with a solitary kidney [1, 9, 10] . In our research, arterial hypertension was recognised in 7/30 (23%) WTs and 1/17 (6%) patients with URA; this fact is clear evidence of more cardio-renal dysfunction in WTs than in URA patients.
The basic limitation of this research was the fact that the compared groups were small and differed in terms of the number of tested patients. Furthermore, we did not examine GFR using gold standard methods; we only estimated GFR. Some of the WTs had low muscle mass, and hence the eGFR based on serum creatinine is not a true and real GFR.
The next limitation of the study was the follow-up time. We could not completely rule out the possibility of significant renal impairment if the WTs were followed up longer and had GFR measured using standard methods.
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